A series of Pb 1Ϫx Eu x Te/PbTe multi-quantum well ͑MQW͒ samples were grown on ͑111͒ cleaved BaF 2 substrates by molecular beam epitaxy. The Eu content was maintained at xϳ0.05-0.06 and the PbTe well width was varied from 23 to 206 Å. The samples were characterized structurally by high resolution x-ray diffraction in the triple axis configuration. The /2⌰ scans of the ͑222͒ Bragg reflection showed very well resolved satellite peaks up to the tenth-order for all samples indicating that sharp interfaces were obtained. Reciprocal space mapping around the ͑224͒ lattice point indicated that the MQW structure tended to the free-standing condition. The ͑222͒ /2⌰ scans were calculated by dynamical theory of x-ray diffraction and compared to the measured ones. Using the in-plane lattice constant as the main fitting parameter, the strain in the PbTe well inside the MQW structure was obtained as a function of its width. It decreased monotonically from an almost fully strained layer to 26% of strain relaxation as the PbTe well increased from 23 to 206 Å.
I. INTRODUCTION
PbTe and EuTe crystallize in the rocksalt structure and the lattice mismatch between these materials is relatively small (ϳ2%͒. The energy gap of EuTe ͑2 eV͒ is much higher than that of PbTe ͑310 meV at 295 K͒. In this sense, only a small Eu content in the ternary Pb 1Ϫx Eu x Te is sufficient to produce large barriers in the PbEuTe/PbTe heterostructure. For instance, Pb 1Ϫx Eu x Te with xϭ0.06 ͑Eg ϭ530 meV at 295 K͒ yields a barrier of 110 meV in the Pb 1Ϫx Eu x Te/PbTe heterostructure, considering a band offset of 50%.
1 These material properties make the PbTe-EuTe system suitable for the fabrication of multi-quantum well structures.
Molecular beam epitaxy ͑MBE͒ has been successfully applied for the growth of Pb 1Ϫx Eu x Te layers and respective PbEuTe/PbTe multi-quantum wells ͑MQWs͒. 2, 3 The measurement of quantum Hall effect in these heterostructures has attested to the high quality of the grown layers and interfaces. 4 Infrared transmission measurements have been performed to determine the optical transition energies between the confined states in the PbEuTe/PbTe MQW samples. 5, 6 The electronic states and respective optical transitions of lead salt QWs have been calculated and reasonable agreements with the experiments have been obtained. 7, 8 PbEuTe/PbTe MQWs find their main application in diode lasers emitting in the mid-infrared range. 9, 10 As the quantized levels depend strongly on the strain inside the MQW, it is important to have reliable methods to determine the strain in these structures. High-resolution x-ray diffraction has been applied in the structural characterization of PbTe-based multilayer systems, 11, 12 but no systematic study has been reported so far. This work is dedicated to the determination of strain inside PbEuTe/PbTe MQW structures as a function of the PbTe well width, using high-resolution x-ray diffraction analysis.
A series of Pb 1Ϫx Eu x Te/PbTe MQW samples was grown by molecular beam epitaxy where the Eu content is maintained at xϳ0.05-0.06 and the PbTe well width is varied in the range of 20-200 Å. Detailed structural characterization was made by high-resolution x-ray diffraction using the triple axis configuration. The /2 scans of the ͑222͒ Bragg diffraction peak were measured for all samples. The MQW period, the thickness of individual barrier and well layers, and the buffer lattice constants were obtained. In order to give a better insight into the strain state inside the MQW, reciprocal space maps were measured around the asymmetrical ͑224͒ lattice point. From the information obtained from these maps, the ͑222͒ /2 spectra were calculated by dynamical theory of x-ray diffraction using Takagi-Taupin equations and compared to the measured ones. From this fitting process, the strain in the MQW structure was determined for samples with different PbTe well widths.
II. SAMPLE GROWTH
The Pb 1Ϫx Eu x Te/PbTe MQW samples were grown on freshly cleaved ͑111͒BaF 2 by molecular beam epitaxy in a RIBER 32P MBE system equipped with PbTe, Eu and Te effusion cells. 13 A 12 keV reflection high-energy electron diffraction ͑RHEED͒ system was used to evaluate in situ the growth conditions. Before properly growing the MQW structure, the growth of Pb 1Ϫx Eu x Te single layers with low Eu content was carefully investigated. The BaF 2 substrates were preheated at 500°C for 10 min before starting the growth. The deposition rate of PbTe, Eu and Te was monitored with a quartz crystal oscillator. The beam-flux rate ratio ͑J Eu /J PbTe ϩJ Eu ) was used to estimate the nominal Eu concentration. For optimal growth conditions, the Te beam-flux rate was chosen to be a͒ Author to whom correspondence should be addressed; electronic mail: abramof@las.inpe.br two times the one of Eu. 3 Just like PbTe, the growth of PbEuTe with low Eu content starts with a three-dimensional nucleation, evidenced by the spotty RHEED pattern. After 0.5-1 min ͑600-1200 Å͒, the initial islands coalesce and the RHEED pattern changes to a streaky one. When the layer thickness achieves approximately 0.5 m, the RHEED pattern already shows elongated spots lying on a semicircle characteristic of an atomically flat surface. This RHEED pattern persists until the end of growth. No surface reconstruction is observed during the PbEuTe growth.
For the growth of the MQW samples, a Pb 1Ϫx Eu x Te buffer layer ͑with the same x value as the barrier͒ was grown on top of the BaF 2 substrate. The buffer layer was approximately 4 m thick in order to guarantee that it is completely relaxed and free from the defects originated from the threedimensional nucleation at the initial growth stage. The growth temperature for the buffer and MQW structure was 300°C. The PbTe and Te effusion cell shutter was always open during growth. The opening and closing times of the Eu shutter were chosen to obtain the desired thickness of the barrier and well, respectively. The number of repetitions of all MQW samples was chosen to be 50.
Two series of Pb 1Ϫx Eu x Te/PbTe MQW samples were produced. In these series the PbEuTe barrier is kept thicker than 440 Å and the PbTe well width is varied. The only difference between the two series was the growth rate, which is mainly determined by the PbTe effusion cell temperature ͑2.2 Å/s for the first series and 3.8 Å/s for the second͒. All other growth parameters were kept constant in order to guarantee sample reproducibility.
III. STRUCTURAL CHARACTERIZATION
The PbEuTe/PbTe MQW samples were characterized structurally by high-resolution x-ray diffraction analysis using Cu K␣ 1 radiation. The x-ray diffraction measurements were carried out in a Philips X'Pert diffractometer in the triple axis configuration, which employs a four-crystal Ge͑220͒ monochromator in the primary optics ͑between the Cu x-ray tube and the sample͒ and a Ge͑220͒ channel-cut analyzer immediately before the detector ͑secondary optics͒. In this configuration, the incident x-ray beam has an axial divergence of 12 arcsec and a wavelength dispersion of approximately 2ϫ10
Ϫ4 . The acceptance angle of the detector is also reduced to 12 arcsec, increasing substantially the resolution in the 2 direction.
The /2 scan of the ͑222͒ Bragg diffraction peak was measured for all samples. Figures 1͑a͒ and 1͑b͒ show the whole ͑222͒ /2 scan for two different MQW samples, namely M443 and M441, with PbTe well width of 53 and 206 Å, respectively. The general features of the measured /2 spectra can be summarized as follows. The zero-order peak ͑MQW 0 ) of the MQW structure appears as the most intense peak in all the spectra. The /2 spectra exhibit a very well resolved satellite peak structure showing up to the tenth-order. The intensity modulation of the satellite peak structure changes as the PbTe well width changes for the different MQW samples. The PbEuTe buffer layer peak appears on the lower angle side near the MQW 0 peak and for samples with narrow PbTe well it is overlapped by the MQW 0 . The BaF 2 substrate peak is observed with a small intensity, due to the absorption in the buffer layer plus MQW stack, and is used as a reference for the scale. The MQW period was obtained from the angular separation between the satellite peaks. The individual thickness of the barrier and well was inferred from the Eu shutter opening and closing time, respectively. Since the Eu content was small (ϳ0.05-0.06), the growth rate in the MQW structure was mainly determined by the PbTe effusion cell temperature, leading to a maximum error of 5% in this individual thickness determination procedure. The values of the MQW period ͑P͒, PbEuTe barrier ͑d barrier ) and PbTe well (d well ) width obtained from the x-ray measurements are displayed in Table I for all MQW samples.
The PbEuTe buffer lattice constant ͑a buffer ) was determined using the BaF 2 substrate peak as a reference. The Eu content ͑x͒ of the Pb 1Ϫx Eu x Te buffer layer was evaluated from a buffer for each sample. The mean Eu content for the first series turned out to be 0.049 with a maximum variation of Ϯ0.003. For the second series, the mean Eu content was 0.059 with a maximum variation of Ϯ0.006. These data are also displayed in Table I .
The resolved satellite peak structure shown in Fig. 1 was observed for all samples. It indicates good thickness reproducibility from layer to layer, homogeneous Eu content through the MQW structure and very low interdiffusion in the interfaces, independent of the PbTe well width. The full width at half maximum ͑FWHM͒ of the MQW 0 peak was about 25 arcsec in the /2 direction and approximately three times larger in the direction.
Figures 2͑a͒ and 2͑b͒ plot the ͑222͒ /2 spectra of Figs. 1͑a͒ and 1͑b͒, respectively, in an expanded scale near the zero-order peak of the MQW structure including up to the two nearest satellite peaks. For the samples with narrow PbTe well ͓53 Å in case of Fig. 2͑a͔͒ , the MQW zero order overlaps with the PbEuTe buffer layer peak, whereas, for samples with wider PbTe well ͓206 Å in case of Fig. 2͑b͔͒ , the PbEuTe buffer peak is well resolved and separated from the MQW 0 . The position of the zero-order peak relative to the buffer layer peak contains important information about the strain inside the MQW samples.
IV. STRAIN DETERMINATION
Reciprocal space mapping around the ͑224͒ asymmetrical Bragg diffraction peak was performed in order to give a better insight into the strain state of the MQW structure. The reciprocal space maps are obtained by performing a set of /2 scans with different -offset angles. Figures 3͑a͒ and  3͑b͒ show the reciprocal space maps around the ͑224͒ reciprocal lattice point ͑RELP͒ for the samples M443 ͑PbTe well width of 53 Å͒ and M441 ͑PbTe well width of 206 Å͒, respectively. The maps include the MQW zero-order RELP ͑MQW 0 ), the buffer layer and the two first-order satellite RELPs. They are plotted in reciprocal lattice coordinates Q x parallel to the ͓11-2͔ in-plane azimuth direction ͑parallel to the sample surface͒ and Q y parallel to the ͓111͔ growth direction. The ellipse-like curves in the maps are contour lines with equal intensity. The axis of the ellipses is inclined in relation to Q x axis due to a broadening in direction caused by the mosaicity in the MQW samples.
In the map of Fig. 3͑a͒ the buffer layer RELP is mixed with the MQW 0 RELP. Within the map resolution, the MQW structure has approximately the same horizontal coordinate Q x as the buffer layer. However, in the map shown in Fig. 3͑b͒ the buffer layer RELP appears well resolved separated from the MQW 0 RELP with its central position shifted in the Q x axis with respect to the central positions of the MQW structure RELPs. These results indicate that the MQW structure does not remain pseudomorphic ͑same in-plane lattice constant͒ to the buffer layer. The MQW structure tends to the free-standing condition.
The in-plane lattice constant for the free-standing state can be calculated using the individual layer thickness, relaxed lattice parameters and bulk elastic constants of the materials that compose the MQW stack. Since the Eu content is small (ϳ0.06͒, the elastic constants of the barrier and well can be considered the same. In this case, the in-plane lattice constant of the free-standing MQW structure is simply given by a Table I for all samples.
The reciprocal space map resolution does not allow an accurate determination of the in-plane lattice constant within the MQW structure, but it attests that the MQW tends to the free-standing condition. In order to obtain quantitatively the strain inside the MQWs, the ͑222͒ /2 spectrum of the MQW samples was calculated by dynamical theory of x-ray diffraction using Takagi-Taupin equations 14 and compared to the measured ones. The solid curves in Figs. 1 and 2 are the calculated spectra, which best fit to the measured data. The main fitting parameter is the in-plane lattice constant (a in-plane ) considered being the same throughout the whole MQW structure. Using this concept, the PbTe well has a tensile parallel strain given by ⑀ ͉͉ In a more realistic scenario, the in-plane lattice constant should vary within the MQW stack, i.e., a strain gradient probably exists through the MQW structure. It is important to point out that this gradient was not considered here and the value of a in-plane obtained from the fitting procedure gives the parallel strain averaged over the 50 periods that compose the MQW structure.
V. CONCLUSIONS
Two series of PbEuTe/PbTe MQW samples, in which the PbTe well width was varied from 23 to 206 Å, were successfully grown by molecular beam epitaxy. The Eu content in each series was 0.049Ϯ0.003 and 0.059Ϯ0.006. The well resolved satellite peak structure observed in the ͑222͒ /2 scans of all MQW samples indicated that very good thickness control and sharp interfaces were obtained. Reciprocal space mapping indicated that the MQW structure tended to the free-standing equilibrium condition. A broadening in direction was observed for all samples, indicating that some relaxation took place along the 50 periods of MQW structure. The calculated ͑222͒ /2 spectra were fitted to the experimental ones using the in-plane lattice constant as the main fitting parameter. The in-plane lattice constant obtained from the fitting procedure turned out to be slightly higher than the in-plane free-standing lattice parameter. The strain in the PbTe well inside the MQW structure decreased monotonically from an almost fully strained layer to 26% of strain relaxation as the PbTe well width increased from 23 to 206 Å. The actual strain obtained by this method has to be taken into account in the calculations of the energy structure of PbEuTe/PbTe MQW systems. 
